The hydraulic servo actuator with passive compliance (HPCA) is designed for hydraulically-driven quadruped robots. It is characterized by an accumulator that connects to the piston chamber of the hydraulic cylinder to buffer impact forces between a robot's feet and the ground. This paper studies the energy efficiency of this actuator in the dynamic locomotion of a quadruped robot. Different from the traditional methods of storing potentially recyclable energy using accumulators, the energy-saving principle of HPCA is to utilize the pressure-transition characteristics of the asymmetric hydraulic cylinder with control of the symmetrical valve. The accumulator can store and release oil during the switching of the transition point in each gait cycle of the robot, thereby improving the energy efficiency of the actuator. The influence of the initial inflation pressure and working volume of the accumulator on the energy efficiency of the HPCA is studied by simulation and physical experiments. The results show that the HPCA has a higher energy efficiency that is independent of the physical parameters of the accumulator. Table 4. Energy consumption of the hip actuator at rear-front leg. Description First (0.35 s) Second (1 s) Third (1.35 s) Total (2 s) original actuator 130.2 J 279.
Introduction
Legged robots are receiving increased attention as the most prominent mobile robot technology for almost all terrain adaptations [1, 2] . With the development of driving and sensing technology and the application of novel stabilization-control algorithms, stabilized locomotion and anti-disturbance capability become even more prominent, such as Bigdog [3, 4] walking on ice and the back flips of Atlas [5] . However, compared to humans and animals, the energy efficiency of these robots remains relatively low [6] .
The more general methods for improving the energy efficiency of legged robots can be divided into three classes: employment of structures or actuators with elastic or flexible components, passive locomotion, and motion optimization. For the first strategies, elastic or flexible elements, such as mechanical springs and rubber bands, are always connected to the limb structure to form passive joints, such as in HYQ designed by Claudio Semini et al. [7] , and Cheetah, designed by Simon Rutishau et al. [8] . Thus, the gravitational potential energy of the robot can be converted to elastic potential energy and released as the body moves forward. Elastic components can also be connected in series between the output of the actuator and the load to form a series elastic actuator [9, 10] or a variable stiffness actuator [11, 12] . These kinds of actuators not only can obtain the precise output force by controlling the deformation of the elastomer but can improve energy efficiency through its rhythmic energy storage and discharge. The famous quadruped robot ANYmal is a successful application of this [13, 14] . However, the limitation of the stiffness and complexity of the structure with the above methods make the structural design more complicated and reduce the adaptability of the robot to complex terrain.
Compared to the above strategies, passive locomotion seems to be the easiest way to improve energy efficiency. The three-dimensional passive walking robot designed by Cornell University [15] and inspired by McGeer [16] is representative. Not only can it walk stably on a slope, but it can achieve stable locomotion on a plane using motors and elastic mechanical springs in the ankle joint [17] . Unfortunately, such robots are developed for high energy efficiency and cannot be applied in practice. The most common method of motion optimization is to reduce the swing amplitude of the joint by optimizing the foot trajectory [18] , which has obvious limitations for legged robots used in complex and unknown environments.
With its excellent power-to-weight ratio, high robustness, and high bandwidth, hydraulic actuation is used in many successful legged robots, such as Bigdog and LS3. With the development of high performance hydraulic components, highly efficient hydraulic servo systems have developed rapidly and are used in many fields, such as the load-sensing servo systems, pump/motor-controlled servo systems [19] , and independent metering systems [20, 21] . However, such systems are not suitable for legged robots. On the one hand, they are too complicated, and hydraulic components that can be applied to legged robots are relatively rare, while on the other hand, the performance of most of them is severely constrained by loads and the trajectory of the actuator, etc. The valve-controlled system [22] is still widely used on legged robots. It can provide good motion performance but cannot achieve its energy-saving potential. The energy efficiency can be significantly improved by using an ultra-low leakage valve or asymmetric spool servo valve [23] , but such products with fast response and high control bandwidth are not only scarce but expensive.
The hydraulic servo actuator with passive compliance (HPCA) [24] was designed to improve the response of the actuator to impact forces between a robot's feet and the ground. The micro-hydraulic accumulator is connected to the piston chamber of the actuator, and its performance is also improved by various oil circuits and control valves. However, there is no relevant literature on the energy efficiency of the HPCA during quadruped robot movement. This paper comprehensively analyzes the actuator trajectory of a quadruped robot in the trotting gait and the dynamic/static pressure characteristics of the HPCA, and it clarifies that the main incentive for the improvement of energy efficiency is the pressure transition caused by the piston movement reversing that matches with the trajectory. Furthermore through motion simulation of a quadruped robot and a physical experiment based on a single-leg platform, the effectiveness of HPCA for the improvement of the energy efficiency of a quadruped robot is verified, and the influence of different parameters of the accumulator on the energy efficiency of the HPCA is clarified. We believe this is the first time that the accumulator has been combined with the pressure-transition characteristics of the actuator to improve energy efficiency.
The rest of this article is structured as follows. Section 2 describes the HPCA. Section 3 analyzes the actuator trajectory in a robot's trotting gait and chamber pressure characteristics of the HPCA and further deduces the energy-saving law of the actuator. In Section 4, simulation results are presented. Section 5 illustrates the experimental results. Section 6 relates our conclusions.
Overview of HPCA
The HPCA is a further improvement to the actuator with the original structure used on hydraulic quadruped robots, as shown in Figure 1 . As can be seen from Figure 1A , the original hydraulic servo actuator used on the quadruped robot is characterized by integrating a servo valve, force sensor, and displacement sensor into the hydraulic cylinder. Compared to the original structure, the HPCA shown in Figure 1B is equipped with not only the hydraulic servo valve and various sensors but a micro accumulator and filling-oil circuit. The accumulator changes the stiffness characteristics of the actuator to reduce the pressure fluctuations in the working chamber. The filling-oil circuit controlled by the check valve can effectively prevent cavitation. Therefore, the vacancy caused by the retraction of the piston can be quickly filled by the oil from the return oil circuit through the check valve. This early engineering verification product does not employ a highly-integrated design nor advanced manufacturing technology, and control valves are connected with oil circuits inside the ordinary hydraulic cylinder via two oil blocks. The mass of the original actuator is 2.76 kg, and the mass of the HPCA increases by 0.92 kg. 
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Energy-Saving Principle of HPCA
Motion Description of SCalf II
SCalf II is the hydraulically actuated quadruped robot designed by Shandong University in 2012 for orientation in rough terrains [25] . As can be seen from Figure 2A , 12 degree-of-freedom (DOF) topology is adopted because it cannot only provide a sufficient range of motion but can reduce the complexity of mechanical structures and control algorithms. Each leg ( Figure 2B ) includes three rotating joints: two pitch joints used for flexion and extension (hip F/E and Knee F/E) at the knee and hip, and a roll joint used for adduction and abduction at the hip (hip A/A). Under normal conditions, hip F/E and knee F/E are the main contributors to foot trajectory implementation, and hip A/A only participates in movement during attitude adjustment of the robot torso. With better energy efficiency and stability, trotting [26] has become the most basic and most commonly used gait for quadruped robots, and a gait cycle can be decomposed to supporting and swing phases. The torso moves forward in the supporting phase, while the leg swings forward in the swing phase.
To have a smooth transition from the supporting phase to the swing phase and eliminate the fluctuation of the torso, the velocity of the robot along the x-axis should be constant during the whole gait period, and the velocity along the z-axis should be set to zero at the starting point, the ending point, and the highest point of the swing phase. Abrupt change points should not appear on the velocity and acceleration curves throughout the cyclic gait. In this paper, the foot trajectory with duty factor β = 0.5 (the fraction of a cycle time during which the leg is in the supporting phase) described in previous work [1, 27] is used and can be expressed as:
where subscripts f sw and f su indicate the swing phase and supporting phase, respectively, and L, H, and T are, respectively, the length, height and cycle of the gait. Taking the left-front and right-rear legs as examples, Figure 3 shows the foot trajectory and the motion curves of the actuators (hip F/E and knee F/E) calculated by leg kinematics [25] . The three displacement curves shown in Figure 3C use the initial points (the starting points of each gait cycle) shown in Figure 3B as starting points. The distances from points O 1 to O and O 2 to O are both 0.15 m. As can be seen from the curves, each actuator performs the same motion process in the swing phase, retracting first and then extending, while in the supporting phase, there is a big difference between the actuator trajectories at different positions, monotonous retraction or monotonous elongation.
Since the mass of the leg components is much lighter than that of the torso, the loads applied to the actuators in the swing phase are obviously smaller than that in the supporting phase. Unfortunately, the output force of the hydraulic actuator is generated by the pressure difference between the piston chamber and ring chamber, which is affected by the supply pressure. Thus, the inessential energy-loss is predominantly in the swing phase. Moreover, it can be seen from Figure 3B that, for the knee F/E, the direction of the torque exerted by the interaction force between the ground and foot on the rotating joint is not affected by the position of the initial points but not for the hip F/E. The same principle has always held by the direction of the actuator output forces. When the initial point is on the right side of O (e.g., O 2 ), the hip actuator mainly bear tension; otherwise, it is always subjected to compression. But, for the knee actuator, it always sustain compression.
Foot trajectory 
Pressure Characteristics of HPCA
Dynamic Pressure Characteristic
In Figure 4 , P, V, A, and Q represent pressure, volume, area, and flow, respectively, and the subscripts pis, r, accu, and S denote the piston chamber, ring chamber, accumulator, and oil supply port, respectively. The area ratio α can be described as A r /A pis . x p is the respective positions of the piston and valve core. V g0 and P g0 represent the initial working volume and inflation pressure, respectively, of the accumulator. The output force and load force are indicated by f h and f l , respectively. Q c represents the flow through the check valve. For the actuator with the original structure ( Figure 1A) , regardless of the internal and external leakage, pressure dynamics in working chambers can be expressed as [27] :
where β e is the effective bulk modulus of the system; x p0 is the initial position of the piston, and x stroke is the total stroke of the hydraulic cylinder. According to Boyle's law [28] , the relationship between the working chamber of the accumulator and the inflation pressure can be expressed as:
where n is determined by the working status of the accumulator. In the isothermal condition, n = 1; in the adiabatic condition, n = 1.4. Differentiating P accu from Equation (3) gives:
where Q accu is the flow rate at the port of the accumulator. For the HPCA, when the gasbag in the accumulator is compressed (P pis > P g0 ), the conditions P pis = P accu P pis =Ṗ accu (5) are satisfied and the pressure dynamics of the actuator can be described as: Figure 5 shows the relationship between the scale factors β e /V pis and nP g0 V n g0 /V n+1 accu that determine the rate change of the piston chamber pressure as described in Equations (2) and (6). The referenced data are shown in Table 1 , among which the working volume of the accumulator V accu is set to 25% of the initial working volume V g0 that is the minimum value allowed during normal use. Therefore, the scale factor of the HPCA can be regarded as the maximum value at each point. It can be seen from the curves that the addition of the accumulator greatly reduces the rate change of the chamber pressure, which is advantageous for reducing pressure fluctuations. 
Static Pressure Characteristic
For the asymmetric hydraulic cylinder with control of the symmetric servo valve shown in Figure 4 , the force balance on the cylinder can be calculated as [29] :
Again, ignoring the leakage and oil compressibility, the following relationship will be satisfied according to the flow continuity equation :
with
where C d and A are the flow coefficient and area gradient, respectively; the positive and negative ofẋ p indicate the extension and retraction of the piston; Q accu can be described as:
Since the chamber pressures P pis and P r cannot be accurately solved by directly implementing Equation (8), only pressure characteristics at the moment of piston reversal are considered. Since the working volume of the accumulator V accu cannot change during this extremely short time, the following relationships are still satisfied before and after the reversal:
where t is the moment of reversal, and ∆t → 0. Then, Equation (8) can be rewritten as:
Taking into account Equations (7) and (12), the pressure in the working chambers can be described as:
For asymmetric hydraulic cylinders, α is less than 1, and the following rules will be met:
This means that a pressure transition will be generated in the working chamber of the HPCA due to the piston reversal. When the piston changes from extracting to retracting, both the chamber pressures (P pis and P r ) increase, and vice versa.
Working Principle of Accumulator Used on HPCA
In traditional energy-regeneration hydraulic systems [30, 31] , the gravitational potential energy or kinetic energy is converted to pressure energy by the hydraulic pump/motor, and it is stored in the accumulator. However, a quadruped robot keeps moving forward through the rhythmic swing of the limbs according to the planned trajectory, and the motion and load characteristics cause the robot to have no potential gravitational potential or kinetic energy that can be utilized. Therefore, as can be seen from Figure 6 , unlike the traditional use of the accumulator to save energy, the working principle of the accumulator used on the HPCA combines the pressure characteristics of the HPCA with the trajectory of the piston under the planned gait, which can be detailed and compared as follows.
(1) In the swing phase, all actuators conform to the law that varies first retraction and then extension, and the pressure in the piston chamber tends to be less. For the actuator with original structure, the flows required for the further extension of the piston and compensation for the pressure drop are all provided by the servo valve. But, for the HPCA, part of the required flows mentioned above can be supplied by the accumulator. Thus, the supply flow from the power source needed by the system with HPCA is less than that with the original actuator in this process. (2) In the supporting phase, a rather large difference in the piston trajectory exists between the actuators that drive different joints. For the same actuator, the different initial point will also cause differences. If the piston is in the process of retraction ( Figure 6A ), the change in direction from elongation to shortening causes the pressure in the piston chamber to be greater. For the actuator with original structure, the raised backward pressure can result in increased pressure loss in the throttle of the servo valve, so the inessential energy-loss will also increase. For the HPCA, the pressure increase due to the piston reversal is slowed down by the accumulator (as explained in Equations (2) and (6)) on the one hand, on the other hand, the oil that flows out from the piston chamber can be partially stored in the accumulator and is supplied to the next gait cycle. When the piston is in the process of extension ( Figure 6B ), the flow required by this process is only provided by the servo valve. The abrupt point of the chamber pressure occurs when the trajectory transitions from the support phase to the swing phase of the next cycle, and then the law described above is carried out. From the above analysis, it can be seen that the oil storage and offloading process of the accumulator due to the piston reversal always occur in each gait cycle, no matter which rotating joint the HPCA drives nor where the initial point is located. Therefore, the HPCA has lower energy consumption than the original actuator.
Simulation and Analysis
System Modeling
To test the energy saving of the actuator and find some rules for robot design, a simulation was carried out in the advanced modeling environment for performing simulation of engineering systems (AMESim) [32] . The mechatronics-hydraulics-integrated model of the SCalf II is shown in Figure 7 .
Since the keystone of this paper is the energy efficiency of the actuator, the attitude adjustment of the robot is not considered, and the Planar Mechanical Library (the components marked with blue) can be used to build the mechanical system. The related structural and physical parameters were obtained by CAD software. Since the actuators are almost non-rotating over the entire stroke length, the influence of the actuators on the leg dynamics can be ignored, and the mass is dispersed to the connected components on both sides. To get a concise model, the hydraulic systems and controller of each leg are created by the supercomponents marked by black and red, respectively. The actuators and other hydraulic related components (components marked by pink and light green) can be built by the corresponding module in Hydraulic Library. The relevant components of the controllers can be obtained from the Signal Control Library. To simplify the problem and facilitate theoretical analysis, this study only discusses the situation when the initial point is at position O shown in Figure 3 .
In the simulation, the compliant control method based on the virtual model (VMC) [33] was used. The desired joint torque can be established as:
and
where τ and θ are the torque and joint angle, respectively, and the subscripts hip and knee indicate the corresponding positions; k and b, respectively, represent the virtual stiffness and virtual damping, and the subscripts x and z denote the corresponding directions; x f andẋ f , respectively, represent the displacement and velocity of the reference point on the robot's foot along the x-axis, and the difference between the actual and target positions is ∆. The annotations follow the same rules in other directions; Mg is the gravity compensation, which only works during contact between the foot and the ground; K p and K d are the gain coefficients of the PIDcontroller. The overall control architecture is shown in Figure 8 . The actual foot positions (x f and z f ) and joint angles are calculated through the leg and joint kinematics based on the piston positions x p . The desired joint angles are obtained through the joint kinematics based on the foot trajectory. 
Virtual model
Simulation Setup
The fifth-order foot trajectory described in Section 3.1 is used in the simulation. The whole simulation course can be divided into two experimental groups, depending on the initial inflation pressure and the working volume of the actuator. The settings and differences are as follows.
(1) In group 1, the initial inflation pressure of the accumulator P g0 was set to 2, 4, and 6 Mpa.
The working volume of the actuator V g0 is constant (1.3 × 10 −5 m 3 ). (2) Different from group 1, the initial inflation pressure of the actuator was constant (6 Mpa) in group 2, and the working volumes were set to 2 × 10 −5 , 4 × 10 −5 , and 6 × 10 −5 m 3 .
The actuator with the original structure was also simulated and used for comparison. The parameters of the cylinder are shown in Table 1 , and the rest of the parameters are shown in Table 2 . 
Simulation Results
Because with better representative, the simulation results of the hip actuator (hip F/E) at the left-rear and right-front legs are only shown in Figure 9 . The desired trajectories (x p in legend) of the actuators magnified by a corresponding multiple are used as a reference in some pictures. It can be seen from the results that, for the hip actuator at the left-front leg, the first abrupt point of the piston chamber pressure (P pis ) always occurs in 0.15 s during the swing phase, and the second appears at the transition from the swing phase to the supporting phase, while for the actuator at the right-rear leg, the first abrupt point of the piston chamber pressure (P pis ) always occurs in 0.35 s during the swing phase, and the second abrupt point appears at the transition from the supporting phase to the swing phase of the next cycle.
As can be seen from the flow curves (Q accu ), the positive parts indicate that the accumulator, as a flow source, always supplies fluid for the piston extension, while the negative parts indicate that the accumulator, as an energy-storage unit, has been absorbing the oil released by the piston retraction. The energy consumption curves shown in the Figure 9 can be obtained by integrating the power(Q S × P S ). The energy consumption values at each point of the piston reversal are shown in Tables 3 and 4 . It is can be seen that, for the actuator at left-front leg, the energy consumption of the original actuator increases by 148.6 J, 119 J, 148 J, and 85 J between the reversal points. But, for the HPCA, such data is around 122 J, 119 J, 122 J, and 84 J, respectively. This is consistent with the law described in Section 3.2.3, which indicates that the process of the piston from shortening to elongation can release energy. For the actuator at rear-right leg, such values are 149 J, 130J, and 149 J for the original actuator and are around 134 J, 128 J, and 134 J for the HPCA. This is also consistent with the law described in Section 3.2.3. It is worth adding that the energy released is caused by the pressure transition of the piston from extension to retraction. The simulation results of group 2 are displayed in Figure 10 in the same way as for group 1, and the incremental energy consumption between the reversal point is shown in Tables 5 and 6. It can be seen that the influence of the working volume change of the accumulator on the energy efficiency of the actuator is the same as caused by the change of the initial inflation pressure detailed above, and the increase in the working volume of the accumulator does not significantly improve the energy efficiency of the HPCA during the reversal of the piston from contraction to extension. This is also consistent with the law described in Section 3.2.3. The above results prove that the HPCA does not play a role in energy conservation in the supporting phase, and in the swing phase, the energy efficiency of the actuator is not greatly affected by the initial inflation pressure and working volume of the accumulator. The explanation for this phenomenon can be summarized as follows:
(1) In the supporting phase, the piston chamber of the actuator at left-front leg is connected to the oil return circuit, and the flow required for the piston movement is mainly supplied by the servo valve. Thus, the energy supplied by the power source is the same whether it is the original actuator or the HPCA. But, for the actuator at rear-right leg, the piston is in the extension stage and sustains compression, and the ring chamber of the actuator is connected to the oil return circuit. Because of the unequal area of the piston, a large flow required causes the opening of the valve core to increase, and then there is a large pressure drop in the ring chamber (as shown in Figure 11 ). Therefore, a smaller pressure fluctuation in the piston chamber can be enough to adjust actuator output to balance the load. (2) In the swing phase, due to the small fluctuation of the loads, the pressure difference between the piston and ring chambers of the two actuators remains relatively stable, as can be seen from Figure 11 . Therefore, the oil supplied by the power source for the piston movement seldom flows into the accumulator. The steps to improve the energy efficiency by changing the inflation pressure and working volume of the HPCA will have little effect. 
Experimental Verification
Experimental Setup
Due to limitations of devices, it is currently not possible to test the HPCA on a robot platform. Therefore, a single-leg test bench was designed to verify the simulation results. As can be seen from Figure 12 , the test bench is mainly composed of beam I and II connected by slider in horizontal direction. The slider in vertical direction is mounted on the beam II and connects to the counterweight, so that the counterweight can only move in the vertical direction along beam II. The counterweight and hip are connected by bolts so that the leg can only swing in the x-z plane relative to the counterweight. According to the experimental setting, the lateral movement of beam II is limited. The total mass of the leg prototype is 45.3 kg.
The experiment was divided into two groups with aims to test the energy efficiency characteristics of the HPCA with different loads and foot trajectories. In group 1, the leg prototype was mounted on the hanging bracket and could not touch the ground during the experiment. The foot trajectory described in Section 3.1 was used. In group 2, the foot remained in contact with the ground at all times and the initial standing height of the robot is set to 0.65 m. The sinusoidal signal with frequency of 1 Hz and amplitude of 0.05 m was used as the foot trajectory in the z-axis and the desired trajectory was set to zero along the x-axis. A large hydraulic station ensured a constant supply pressure for the experiment (200 bar).
A flow sensor cannot be installed between the accumulator and cylinder, so the flow data Q accu can be calculated by Equation (10) . The pressure in the piston chamber P accu can be measured by the miniature pressure sensor (Model: TE/EB1UM-00000P-350BA) mounted on the actuator, and then the change of the pressureṖ accu can be obtained through deriving P accu . The energy consumption of the leg prototype can be calculated as follows:
where the displacement of the piston x p can be measured by the linear transducer (model: VISHAY/REC 38L 03C 502 B) mounted on the actuator, and then the velocityẋ p can be obtained through deriving x p .
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Hip actuator Figure 13 . The accumulator models and the parameters used in the two groups are shown in Table 7 . 
Experimental Results
The flow inter-conversion of the accumulator and piston chamber in group 1 is shown in Figure 14 . The positive values indicate that the oil flows from the piston chamber to the accumulator, while negative values represent the opposite direction. It is can be seen that, as the piston movement changes from extension to retraction, the accumulator undergoes a process of storing and releasing oil during each swing phase. In the swing phase, the extension of the piston accompanies the flow released, while the retraction of the piston accompanies the flow absorbed by the accumulator. In the supporting phase, all of the actuators are in the contraction stage. The reversing of the piston causes the pressure in the piston chamber to increase, and then part of the oil that should be expelled from of the actuators flows into the accumulator, so the values are negative. Due to errors of the sensor and calculation mode, there are little differences between the simulation and the experiment. The energy consumption curves of the leg prototype in group 1 are shown in Figure 15 . The energy consumption values of different conditions at time of two seconds are shown in Table 8 . It can be seen from the data that the energy consumption of the leg prototype driven by HPCAs is reduced by more than 50 J compared to the original actuator. Figure 16 shows the flow curves of group 2. It can be seen that the experimental results of group 2 are similar to those of group 1. The piston movement changes from extension to retraction, the accumulator undergoes a process of storing oil, and it undergoes a process of releasing oil when the reverse change takes place. According to the test results of the hip actuator, the changes in the initial inflation pressure and working volume of the accumulator have no obvious effect on the energy consumption of the HPCA, but for the HPCA that drives the knee F/E, the results are reverse. The main reason is that the knee actuator is subjected to a greater load than the hip joint due to the topology of the leg, and to a certain extent. The energy curves of the leg prototype in group 2 is shown in Figure 17 . The energy consumption values of different conditions at time of two seconds are shown in Table 9 . It can be seen from the data that the energy consumption of the leg prototype driven by HPCAs is reduced by more than 80 J compared to the original actuator.
From the above experiment results, it can be summarized that, although the initial inflation pressure or working volume of the accumulator does not have significant influence on the energy efficiency of the HPCA in the experiment, it is undeniable that the energy efficiency characteristics of the HPCA are also related to the load. 
Conclusions
The HPCA is a novel servo actuator for hydraulic quadruped robots to buffer the impact force between a robot's feet and the ground. First, by analyzing the static and dynamic pressure characteristics of the actuator and the motion law of the piston in the trotting gait, the efficiency characteristics of the HPCA are obtained. Then, a simulation analysis and the physical experiment are carried out to verify the energy-saving of the HPCA with different initial inflation pressures and working volumes. It can be demonstrated that the energy-saving performance of the HPCA depends on the pressure transition caused by the piston reversing. When the piston is moving from extension to retraction, part of oil that should flow out from the piston chamber is absorbed by the accumulator, while from retraction to extension, this part of the oil is released and used for piston movement. Moreover, for foot trajectories commonly used by quadruped robots with the same structure as SCalf, the HPCA has higher energy efficiency in the swing phase of the trotting gait compared to the hydraulic servo actuator with the original structure, and this characteristic does not change with the working volume and inflation pressure of the accumulator.
